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Murine leukemia virus (MLV) fusion is controlled by isomerization of the disulphide bond between the receptor-binding surface (SU) and
fusion-active transmembrane subunits of the Env-complex. The bond is in SU linked to a CXXC motif. This carries a free thiol that upon receptor
binding can be activated (ionized) to attack the disulphide and rearrange it into a disulphide isomer within the motif. To find out whether His8 in
the conserved SPHQ sequence of Env directs thiol activation, we analyzed its ionization in MLV vectors with wtEnv and Env with His8 deleted or
substituted for Tyr or Arg, which partially or completely arrests fusion. The ionization was monitored by following the pH effect on isomerization
in vitro by Ca2+ depletion or in vivo by receptor binding. We found that wtEnv isomerized optimally at slightly basic pH whereas the partially
active mutant required higher and the inactive mutants still higher pH. This suggests that His8 directs the ionization of the CXXC thiol.
© 2006 Elsevier Inc. All rights reserved.Keywords: Moloney murine leukemia virus; Receptor binding; Membrane fusion; Env activation; Disulphide isomerization; CXXC-motif; Thiol ionization;
Fusion from withoutIntroduction
The membrane fusion proteins of retroviruses are composed
of three copies of a two-subunit protein (Env) (Hunter, 1997).
One of the subunits transverses the viral envelope (TM,
transmembrane) and the other has a peripheral location (SU,
surface). The membrane fusion activity is loaded into the TM
subunit and it is controlled by the associated SU subunit. When
SU binds to the virus receptor on the cell surface, it is displaced
and TM activated (Moore et al., 1990). In some cases, efficient
activation requires low pH in addition to receptor binding
(Mothes et al., 2000). According to the prevailing model the
membrane fusion process is linked to refolding of TM into a
more stable form. This involves relocation of its fusion peptide
into the lipid bilayer of the target membrane and a jack-knife-
like back folding of the α-helical core of TM from a prehairpin
to a hairpin conformation. As a result, the fusion peptide-bound
cell membrane and the transmembrane peptide-bound viral
envelope will be forced together for fusion. The model is
supported by the bundle of 6 α-helices found in crystals of TM⁎ Corresponding author. Fax: +46 8 7745538.
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peptides corresponding to the α-helical TM core, in particular
its C-terminal part, and by fusion inhibition by lipid molecules
incompatible with concavely curved membranes (Weissenhorn
et al., 1997; Chan et al., 1997; Melikyan et al., 2000; Wild et al.,
1994; Jiang et al., 1993; Kobe et al., 1999; Jinno et al., 1999;
Netter et al., 2004; Hernandez et al., 1997; Smith et al., 2004;
Wallin et al., 2005a).
According to this model, it is the interaction between the two
subunits that controls the activation of Env. In this respect, it is
notable that apparently almost all retrovirus but lentivirus carry
an intersubunit disulphide bond in Env. The Cys residue in TM
that participates in the bond is the last residue of a conserved
CX6CC motif. This is flanking, on the C-terminal side, the
region of the TM chain that is used for chain reversal during TM
refolding (Kobe et al., 1999). Therefore, the bond seems to be
optimally located for prevention of premature TM back folding.
The problem how fusion can be triggered despite the
intersubunit disulphide bond appears to have found two kinds
of solutions. One is to take up the retrovirus into an endosome
and use low pH in addition to receptor binding. At these
conditions, it seems to be possible to back fold TM even in the
presence of the intersubunit disulphide bond. This solution is
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(Mothes et al., 2000). The second solution is to combine the SU
Cys residue of the intersubunit disulphide, with a disulphide
bond isomerization-active motif, CXXC (Pinter et al., 1997;
Wallin et al., 2004, 2005a, 2005b). In this motif, the other Cys
residue has a free thiol, which can be induced by receptor
binding to attack the intersubunit disulphide bond and cause
rearrangement of the latter into a disulphide bond isomer within
the motif. The non-covalently associated SU will now be easily
dissociated from TM, which becomes activated for fusion
(Wallin et al., 2005a). The latter solution is used by the γ-
retroviruses (e.g., murine leukemia virus, MLV) and probably
also by the δ-retroviruses (e.g., human T-cell leukemia virus,
HTLV) and most β-retroviruses as they all share the same
CXXC-linked intersubunit disulphide bond arrangement.
The SU is composed of a receptor-binding N-terminal
domain, RBD, and a C-terminal domain with the isomerization
motif (Fass et al., 1997; Davey et al., 1997). The two domains
are linked together by a proline rich polypeptide region (PPR)
(Kayman et al., 1999; Lavillette et al., 1998). In order for the
CXXC thiol to become activated for isomerization of the SU–
TM disulphide, it must be deprotonated. Therefore, it is
reasonable to assume that receptor binding via the RBD induces
changes in the locale of the CXXC thiol, which activates the
latter by reducing its pKa value. What these changes are and
how they are brought about are mostly unknown. Earlier studies
have shown that receptor-induced activation involves changes
in the interaction between the RBD and the SU C-terminal
domain (Barnett and Cunningham, 2001). The triggering
interaction engages a conserved disulphide bonded loop in the
SU C-terminal domain downstream of the isomerization motif
(Lavillette et al., 2001). Another study has demonstrated that
receptor binding releases isomerization suppressing Ca2+ ion(s)
from Env (Wallin et al., 2004). Furthermore, the triggering of
Env involves initially exposure of the CXXC thiol for
modification by alkylation. This arrests the conformational
transition of Env in an intermediate stage and prevents fusion
(Wallin et al., 2005b). Characteristic for the intermediate is that
it exposes the TM as a prehairpin for externally added TM
peptides (Wallin et al., 2006). The intersubunit disulphide of the
intermediate also becomes susceptible for external reduction
with DTT, which rescues Env activity. Thus, the following order
of activation steps can tentatively be defined for the Mo-MLV
Env: receptor-induced alteration of RBD structure, release of
Ca2+ ion(s), establishment of a new interaction between RBD
and the SU C-terminal domain, formation of the CXXC thiol-
alkylatable intermediate, isomerization of the intersubunit
disulphide, SU release and TM hairpin formation. The fusion
peptide might be inserted into the target membrane when the
alkylatable intermediate is formed. Interestingly, a Moloney
MLV (Mo-MLV) Env mutant with a deletion of His8 in the
conserved SPHQ sequence of SU has been described (Bae et al.,
1997). The His8 deletion mutant binds normally to its receptor
but cannot complete the membrane fusion process and is
therefore non-infectious (Bae et al., 1997; Lavillette et al., 2000;
Barnett and Cunningham, 2001; Zavorotinskaya et al., 2004).
However, the infectivity of the receptor-bound mutant virus canbe rescued by providing the N-terminal receptor-binding
domain (RBD) of wt SU in trans (Lavillette et al., 2000).
Here we have related the His8 function to the Env activation
steps. In particular, we have studied whether the His8 could act
as an inducer for isomerization. We monitored the ionization
properties of the CXXC thiol in wt Env and His8 deletion and
His8 substitution mutants of Env. We found that the ionization
properties of the CXXC thiol in the mutants changed in a way
that was consistent with His8 acting as an isomerization inducer.
Results
High pH facilitates isomerization in vitro
Previously, we showed that receptor-triggered isomerization
of the SU–TM disulphide bond is mediated by removal of a
stabilizing Ca2+ ion from Env (Wallin et al., 2004). Conse-
quently, it was possible to isomerize the intersubunit disulphide
bond in free virus by Ca2+ depletion. We used this in vitro assay
to follow the pH sensitivity of the intersubunit disulphide bond
isomerization reaction in Mo-MLV Env. It should reflect the
ionization, i.e., the activation properties of the CXXC thiol in
the SU subunit of Env. Samples of [35S]Cys-labeled Mo-MLV
in MOV-3 cell supernatants were taken up in TN pH 6.6–8.6,
with or without 1.8 mM Ca2+, by ultrafiltration at 4 °C and then
subjected to incubation at 37 °C for 5 h. The samples were lysed
and the viral proteins captured by immunoprecipitation for non-
reducing SDS–PAGE. As NP-40 lysis buffer is a potent
inductor of isomerization, we added NEM to 20 mM at the end
of the incubation period. In this way, it was possible specifically
to follow the Ca2+-depletion-induced isomerization at the
different pH values. As a control, we used a virus sample that
was kept on ice in the presence of NEM. Analysis of the control
showed the disulphide bonded SU–TM complex and the capsid
protein (CA) of the virus as well as free SU, which also had
been released from the virus producing cells (Fig. 1A, lane 2)
(Wallin et al., 2004). When the samples were incubated at
increasing pH values starting from pH 6.6, we observed
increasing isomerization of the intersubunit disulphide bond of
the SU–TM complexes (Fig. 1A, lanes 3–13). This was seen as
a decrease in the amount of SU–TM complexes, an increase in
the amount of free SU and the appearance of free TM. The
degree of isomerization at the different pH values has been
quantified in Fig. 1C. This shows that half maximal isomeriza-
tion is achieved at pH 7.4–7.6. When incubations were done in
the presence of 1.8 mM Ca2+ the SU–TM complexes remained
essentially stable up to pH 7.6 after which a slight isomerization
was apparent (Fig. 1B and C). We conclude that the Ca2+-
depletion-induced SU–TM disulphide bond isomerization starts
to occur at neutral pH (pH 7) and is enhanced at higher pH. This
pH sensitivity profile implies that the pKa of the CXXC thiol has
been reduced to a value close to neutral by a Ca2+-depletion-
induced structural change in Env.
The kinetics of the Ca2+-depletion-induced SU–TM dis-
ulphide bond isomerization reaction was studied at pH 7, 7.5, 8
and 8.5 using incubation times from 30 min to 5 h. We found
that at pH 7 there was only insignificant isomerization, at 7.5
Fig. 2. Kinetics of SU–TM disulphide bond isomerization at different pH
values. [35S]Cys-labeled Mo-MLV was incubated in TN, pH 7, 7.5, 8 or 8.5, at
37 °C for 0.5–5 h. Control samples were kept on ice. The samples were then
processed for non-reducing SDS–PAGE as described in Fig. 1. The panels show
the gel analyses of the samples incubated at the different pH values. The pH
conditions and the incubation times are indicated, where 0 is a control sample
kept on ice in the presence of NEM.
Fig. 1. pH sensitivity of the SU–TM disulphide bond isomerization. Samples of
[35S]Cys-labeled Mo-MLV in MOV-3 cell supernatants were incubated in TN,
pH 6.6–8.6, with or without 1.8 mM Ca2+, at 37 °C for 5 h. Control samples
were kept on ice in the presence of 20 mM NEM. All samples were lysed in the
presence of NEM, viral proteins immunoprecipitated with pAb HE863 and
analyzed by non-reducing SDS–PAGE. Panel A shows the SDS–PAGE of viral
proteins from Ca2+-depeled virus samples, panel B the analyses of samples
incubated in the presence of 1.8 mM Ca2+ and panel C corresponding
quantifications of isomerization (N=3, ±SD). The degree of isomerization was
estimated from the amount of SU that was released from the SU–TM complexes
during the incubation as compared to the control (lane 2 in panels A and B, 0 °C)
and is given as % of complete isomerization. M, molecular weight standard.
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longest incubation time, at pH 8 most of the complexes were
isomerized using 3 h incubation and at pH 8.5 already using the
shortest incubation time (Fig. 2).
His8 deletion in Env or substitution with Tyr or Arg shifts the
pH sensitivity of the isomerase to higher pH values
The possibility that His8 directed the intersubunit disulphide
bond isomerization was tested by analyzing the pH sensitivity
of the isomerization reaction in Mo-MLV-egfp vectors carrying
Env with His8 deleted (Mo-MLV-egfp-EnvΔHis8; the His8del
mutant) or substituted with Tyr (Mo-MLV-egfp-EnvTyr8; the
His8Tyr mutant) or Arg (Mo-MLV-egfp-EnvArg8; the His8Arg
mutant). The MLV vector with wt Env (Mo-MLV-egfp-wtEnv)
was used as control. Earlier studies have demonstrated that
His8Tyr Env can mediate cell–cell fusion and infection albeit
less efficiently than wt Env. In contrast, neither His8Arg Env
nor His8del Env can mediate infection of cells although both
are receptor-binding competent (Bae et al., 1997; Zavorotins-kaya and Albritton, 1999). In case His8-induced isomerization
of the intersubunit disulphide bond, it would be expected that a
substitution of His8 with Tyr or Arg, or its deletion should make
isomerase triggering less or much less sensitive to high pH. In
contrast, if His8 directed an Env activation step after
isomerization, the triggering sensitivity of the latter reaction
should remain unaffected. Also, if His8 directed Ca2+ removal
or an even earlier activation step, the isomerization triggering
sensitivity should not change in the mutants as we depleted the
Ca2+ from Env artificially in our assay. Our analyses showed
that the control vector with the wt Env displayed virtually the
identical pH sensitivity as the wt virus, whereas the vectors
carrying the mutant Envs displayed increased resistance
towards high pH facilitated isomerization-triggering under
Ca2+-depleted conditions (Fig. 3). Significantly, the His8del
and the His8Arg mutants were more resistant than the His8Tyr
mutant. Thus, the defects of the mutants could be explained as
compromised ionization properties of the CXXC thiol, i.e., the
His8 of wt Env directed the activation of the intersubunit
disulphide bond isomerization reaction. Incubations in the
presence of 1.8 mM Ca2+ showed a slight high pH effect in the
wt vector but not in the mutants (Fig. 3, quantifications). Note
that the vectors, in contrast to Mo-MLV produced in MOV-3
cells, contain residual Gag precursor (see the sharp band
running tightly in front of free SU in Fig. 3). It was also notable
that the mutant vector preparations contained relatively more
SU–TM complexes and less free SU than the wt vector (Fig. 3,
lanes 1 in all gel-panels). This has been observed before with the
His8del mutant and is most likely a consequence of a decreased
spontaneous isomerization of the intersubunit disulphide bond
in the mutants as compared with the wt vector (Lavillette et al.,
2002).
Fig. 3. pH sensitivity of Ca2+-depletion-triggered SU–TM disulphide bond isomerization reactions in Mo-MLV-egfp-wtEnv (panel A), Mo-MLV-egfp-EnvTyr8 (panel
B), Mo-MLV-egfp-EnvArg8 (panel C) and Mo-MLV-egfp-EnvΔHis8 (panel D). [35S]Cys-labeled vectors in BHK-21 cell supernatants were taken up into TN, pH 6.6–
8.8, with or without 1.8 mM Ca2+ by ultrafiltration and incubated at 37 °C for 3 h. The samples were processed for non-reducing SDS–PAGE as described in Fig. 1.
SDS–PAGE analyses of the Ca2+-free incubations (only top part of gels) and quantifications of isomerization reactions, also in the presence of 1.8 mMCa2+, are shown
(N=3, ±SD). The pH 6.6 incubation was used as control. Note the presence of some uncleaved Gag precursors in the vector preparations. The average pH sensitivities
of the Ca2+-depletion-triggered isomerization reactions for the different vectors are compared in panel E.
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Recently, we showed that binding of Mo-MLV to receptors
on rat XC cells induces Env isomerization (Wallin et al.,
2005b). We wanted to corroborate our in vitro results with those
obtained by the in vivo assay. The pH sensitivity of the receptor-
induced isomerization reaction in wt MLV vector was analyzed
by binding vector particles, that had been purified on a sucrose
step gradient, to XC cells for 1 h on ice and then incubating the
cell-bound virus in TN/Ca2+, pH 6.6–8.6, at 37 °C for 15 min.
The samples were lysed in the presence of NEM, immunopre-
cipitated and Env isomerization analyzed by non-reducingSDS–PAGE. Vector particles bound non-specifically to recep-
tor-negative chicken DF-1 cells were used as controls. The
analyses showed that a large fraction of the wt Env on the vector
particles underwent isomerization on XC cells but not on DF-1
cells (Fig. 4A, lanes 2–7 in both panels). The isomerization
increased with increased pH during the incubation. This could
be followed by the increase of free SU (closely trailing the Gag
precursor band) and TM (appearing as Pr15E and p15E) at the
expense of SU–TM complexes. Quantification showed that
about 70% of the SU–TM complexes in the bound vector
isomerized at pH 8.6 (Fig. 4, panel E). We conclude that the
receptor-induced isomerization is subjected to similar pH
Fig. 4. pH sensitivity of receptor-triggered SU–TM disulphide bond isomerization reactions in Mo-MLV-egfp-wtEnv (panels A), Mo-MLV-egfp-EnvTyr8 (panels B),
Mo-MLV-egfp-EnvArg8 (panel C) and Mo-MLV-egfp-EnvΔHis8 (panel D). Gradient purified [35S]Cys-labeled vectors were incubated with XC or DF-1 cells for
15 min at 37 °C in TN/Ca2+, pH 6.6–8.6. Control incubations at pH 7.4 and 8.6 were done in the presence of NEM. The samples were lysed in the presence of NEM,
viral proteins immunoprecipitated with pAb HE863 and analyzed by non-reducing SDS–PAGE. Note that the SU, which is released as a result of isomerization,
closely trails the remaining Gag precursor band of the vectors. Quantifications of SU–TM disulphide isomerization in XC cell-bound MoMLV-egfp-wt and Mo-MLV-
egfp-EnvTyr8 vectors are shown in panel E (N=3, ±SD).
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tion reaction described above. However, it should be noted that
the receptor-induced isomerization started at lower pH than the
Ca2+-depletion-induced in vitro isomerization. Thus, significant
receptor-induced isomerization occurred already at pH 6.6.
When the similarly purified His8Tyr, the His8Arg and the
His8del mutants were tested for their pH-dependent isomeriza-
tion using this in vivo assay, we could confirm the relative
dependencies found in the in vitro assay, i.e., the Tyr8
substitution mutant was less sensitive (about 30% isomerization
at pH 8.6) than wt and the His8 deletion and the His8Argsubstitution mutants virtually resistant to high pH facilitation of
the receptor-induced isomerization (Figs. 4, panels B–D and E).
The His8Tyr mutant fuses at higher pH than wt vector
As the SU–TM disulphide bond isomerization controls the
membrane fusion-mediated entry process of MoMLV, we
expected that the pH dependence of isomerization in the wt
and the mutant MLV vectors should be reflected by a similar pH
dependence of their fusion efficiencies and infectivities.
However, we also realized that these functions involve several
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conditions. Therefore, the penetration of the pH effect on
isomerization to a functional level might be limited. We first
analyzed the effect of increasing pH on the fusion process of the
mutant and the wt MLV vectors using an XC cell–cell “fusionFig. 5. (Panel A) pH optima for membrane fusion with wt and His8Tyr mutant. Grad
with XC cells in DMEM, pH 6.6–9, for 3 h. The cells were then fixed with methanol
pH. Vector-depleted supernatant with free SU subunits from Mo-MLV-egfp-wtEnv,
producing BHK-21 cells was incubated with XC or DF-1 cells for 15 min at 37 °C
presence of NEM and cell-bound SU immunoprecipitated with HE699 and analyzedfrom without” assay. In contrast to most other cell lines that can
be infected with Mo-MLV, XC cells undergo cell–cell fusion
(Rowe et al., 1970). To this end gradient purified mutant and wt
vector particles were incubated with XC cells at 37 °C in
DMEM, pH 6.6–9.0, for altogether 3 h. During this time vectorient purified Mo-MLV-egfp-wtEnv and Mo-MLV-egfp-EnvTyr8 were incubated
and stained with Giemsa. (Panel B) SU binding to XC and DF-1 cells at different
Mo-MLV-egfp-EnvTyr8, Mo-MLV-egfp-EnvArg8 or Mo-MLV-egfp-EnvΔHis8
in TN, pH 6.6–8.6, with 1.8 mM Ca2+. The cultures were washed, lysed in the
by non-reducing SDS–PAGE.
Fig. 6. pH optima for wt and His8Tyr mutant vector infection. Mo-MLV-egfp-
wtEnv and Mo-MLV-egfp-EnvTyr8 in culture supernatant (titer about 2.5×105 i.
u./ml) were bound to XC cells on ice for 1 h, washed with cold TN/Ca2+, pH
6.6–9.0 and then incubated for 30 min in TN/Ca2+, pH 6.6–9. Non-penetrated
virus was inactivated with pH 3 buffer and cells incubated for further 24 h. GFP-
positive cells were counted and the values used to express infectivities at
different pH as % of the value obtained under optimal conditions (N=3, ±SD).
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formed. The latter were visualized after cell fixation and
staining. The analyses showed that the wt vector induced cell–
cell fusion optimally at pH 7.4–7.8 and the His8Tyr mutant at
pH 8.2–8.6, whereas the His8Arg and the His8del mutants were
fusion negative (Fig. 5A and data not shown). Three expe-
riments were performed with very similar results. The pH-
dependent fusion activity was not a binding effect because we
showed in Fig. 4 that the combined specific and non-specific
virus binding to receptor positive XC as well as the non-specific
binding to receptor-negative DF-1 cells did not vary signifi-
cantly with the pH conditions used (Pizzato et al., 1999).
Further binding analyses demonstrated that free SU subunits of
all vectors bound to XC, but not to DF-1 cells, and that the
apparently specific XC cell binding was largely insensitive to
the variation in pH conditions between 6.6 and 8.2, and
decreased 30–40% at the highest pH (Fig. 5B; note that DF-1
cell binding is only shown for SU of wt and His8Tyr vectors).
Therefore, it is most likely that the pH dependence of the fusion
activity of the mutant and the wt vectors reflected their
properties of SU–TM disulphide bond isomerization. The
decreased fusion of wt at pH 8.2 and above appears inconsistent
with the efficient fusion of the His8Tyr mutant at these pH
values. However, this might be explained by too rapid
isomerization of the wt at high pH, which could induce SU
release and TM back folding before fusion peptide insertion into
the target membrane. The fusion from without assay might be
more sensitive for such effects than infection (see below) as it
most likely requires that a virus forms fusion sites with two
neighboring cells. In the cases of the His8Arg and the His8del
mutants, which were fusion negative, the overall fusion-
suppressive effects of the high pH probably dominated at
those pH values where some isomerization was apparent.
Optimal infection with the His8Tyr mutant requires higher pH
than with the wt vector
The pH dependencies of wt and mutant MLV vector
infectivities were analyzed by binding the vectors to XC cell
cultures on ice and then incubating at 37 °C for 30 min in TN/
Ca2+, pH 6.6–9. Virus that did not penetrate into the cells during
the incubation was inactivated with pH 3 buffer. The cultures
were then further incubated for 24 h before being screened for
infected cells using the egfp reporter gene. Although the
infectivity of the wt and the His8Tyr vectors were rather
insensitive to pH, we could find a difference in their pH optima,
which was 7.8 and 8.6, respectively (Fig. 6). The His8Arg and
the ΔHis8 mutants were non-infectious at all pH values tested.
Thus, these results confirmed those of the fusion assay and
supported the notion, thatHis8 of receptor-bound Env facilitates
membrane fusion by directing the SU–TM disulphide bond
isomerization. The relative insensitivity of the infectivity of the
wt and the His8Tyr vectors to pH as compared to the fusion
capacity is notable and might be due to the fact that virus
induced cell–cell fusion needs more than one fusion site,
therefore making it more sensitive to partially malfunctioning
fusion proteins than infection.The His8Tyr, but not the His8del mutant, can be chased into the
CXXC thiol alkylatable Env intermediate
The CXXC thiol of the SU subunit is not exposed for
alkylation in native Env but requires activation induction, e.g.,
by the receptor (Wallin et al., 2004, 2005a, 2005b). In the
triggered Env, the alkylator modifies the free thiol before this
can attack the SU–TM disulphide bond and thereby locks the
Env in a fusion arrested intermediate stage. To find out
whether this conformational transition occurred normally in the
His8Tyr and His8del vector mutants these were, in parallel
with the wt vector, incubated with XC cells for 1 h at 37 °C in
TN/Ca2+, pH 7.8, in the presence of the membrane imperme-
able alkylator M135. After the alkylator was washed off, the
virus/cell samples were treated with NP-40 lysis buffer. This
induced isomerization in all Envs that had not been receptor
bound and alkylated. The alkylated, non-isomerized fraction of
the Envs was then captured by the mAb 500, which
preferentially reacts with the SU–TM complex, and analyzed
by non-reducing SDS–PAGE. The total amount of Env in cell-
bound virus was measured by including the alkylator during
the lysis, in which case also the fraction of Envs that had not
interacted with the receptor were alkylated. It should be noted
that although the sensitivity of the His8del mutant to lysis-
induced isomerization is decreased, almost all complexes
isomerize at the lysis conditions used (data not shown).
Receptor-negative DF-1 cells were used as controls. Vectors
bind unspecifically to these cells but in lack of MLV receptors,
the receptor-induced conversion of Env into the alkylatable
form does not occur (Wallin et al., 2004). The analyses showed
that about 22% of the Envs of the wt vector and about 11% of
the Envs of the His8Tyr mutant but virtually none of the Envs
of the His8del mutant transformed into the alkylatable Env
intermediate after receptor interaction on XC cells (Fig. 7,
Fig. 7. Formation of the alkylatable Env intermediate with wt and mutant
vectors. Gradient purified and [35S]Cys-labeled Mo-MLV-egfp-wtEnv, Mo-
MLV-egfp-EnvTyr8 and Mo-MLV-egfp-EnvΔHis8 were bound to XC or DF-1
cells for 1 h at 37 °C in TN/Ca2+, pH 7.8, in the presence of 2 mM M135. The
cultures were washed five times with TN/Ca2+, pH 7.8, and then lysed in the
presence or absence of 2 mMM135. Viral proteins were immunoprecipitated by
mAb 500 and analyzed by non-reducing SDS–PAGE. Note differences in
amounts applied.
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corresponding total amounts of Env in lanes 1, 5 and 9 and
note the differences in sample amounts applied). No
corresponding conversion was found on the receptor-negative
DF-1 cells (Fig. 7, lanes 4, 8 and 12) although similar amounts
of virus had bound to these as to the XC cells (Fig. 7, lanes 3,
7 and 11). Note that the mAb 500 reacted not only with the
SU–TM complexes of the vector preparations, which had been
made in BHK-21 cells, but also to some degree with SU that
had been released by disulphide bond isomerization. This was
in contrast to Mo-MLV made in MOV-3 cells (Wallin et al.,
2004). We conclude that Mo-MLV Env can transform into the
CXXC thiol alkylatable intermediate if His8 is substituted for
Tyr but not if deleted. Typically, the intersubunit disulphide
bond is hidden for external reduction in native Env but
becomes exposed in its alkylated intermediate form (Wallin et
al., 2004). The reduction also rescues the arrested fusion and
infectivity of the alkylated intermediate. The possibility that
the disulphide was exposed in His8del mutant vectors that had
been chased into their receptor-bound arrested state by
incubation at 37 °C on XC cells was tested by infectivity
after 20 min incubation at 37 °C in the presence of 25 mM
DTT (data not shown). However, infectivity was not detected
thus supporting the notion above that the His8del mutant does
not upon receptor binding transform into the typical isomer-
ization-inducing structure of wt Env.
Discussion
Previous studies have shown that the His8 in the conserved
SPH8Q sequence in MoMLV Env is required for activation of
receptor-bound Env for fusion (Bae et al., 1997; Qian and
Albritton, 2004; Zavorotinskaya et al., 2004). Substitution
analyses showed significant activity with Tyr, very low activity
with Phe and Trp and no activity with Asp, Glu, Lys, Arg, Ala,
Leu, Ileu and Met. We have here tested the possibility that His8
directs activation of the CXXC thiol in SU that regulates
membrane fusion and virus entry through the isomerization ofthe intersubunit disulphide bond. The thiol ionization was
characterized by measuring the sensitivity of triggering SU–TM
disulphide bond isomerization at different pH values. Both in
vitro (Ca2+ depletion) and in vivo (receptor binding) induction
of Env were used. In case His8 directed CXXC thiol activation,
it was expected that the ionization, i.e., activation of the CXXC
thiol should be significantly reduced in His8 deletion and Hi-
s8Arg substitution mutants and to a lesser extent also in the
His8Tyr substitution mutant as compared to wt Env. If, on the
other hand, the His8 regulates an Env transformation step after
the isomerization then the mutations were not expected to
influence the ionization properties of the CXXC thiol. Further,
if the His8 directs Ca2+ release or an earlier Env activation step
the mutants should also have no isomerization phenotype in the
in vitro assay where the Ca2+ ion(s) are artificially removed.
The analyses showed that the CXXC thiol activation in wt Env
increased rapidly at pH values slightly above neutral whereas in
the Tyr substitution mutant we observed a marked shift in
triggering threshold towards higher pH. This shift was even
more pronounced in the His8 deletion and the Arg substitution
mutants. These changes were accompanied by corresponding
alterations in the pH optima for membrane fusion and infection
of the mutant vectors. Thus, the results suggested that the
conserved His8 of SU directs the intersubunit disulphide bond
isomerization.
Our findings that the His8 deletion mutant was not at all,
and the His8Tyr mutant only partially able to transform into
the alkylatable Env intermediate, shows that His8 is required
for the generation of this isomerization active intermediate.
Interestingly, the gene for R-peptide-truncated Mo-MLV Env
with the His8Arg substitution has been expressed transiently
in 293 T cells together with receptor positive target cells and
found to support cell–cell hemifusion (Zavorotinskaya et al.,
2004). Furthermore, a brief treatment with 0.4 mM chlorpro-
mazine, which resolves hemifused lipid bilayers into full
fusion, was found to rescue the infectivity of His8Arg
substitution mutant vectors from an insignificant level to one
corresponding to 5% of wt vector. It was suggested that the
mutation blocked the conformational transition of Env at a
stage where the fusion peptide had targeted the cell membrane
but the still associated SU receptor complexes blocked further
transition. Thus, His8 of SU would activate an Env switch that
results in SU dissociation. This model is fully consistent with
our present results that His8 directs the SU–TM disulphide
bond isomerization, which in turn controls SU dissociation
and fusion completion (Wallin et al., 2004). In this view, the
fusion peptide of activated wt Env would insert into the target
membrane just before Env transforms into its alkylatable
intermediate form and the Env of the negative His8 mutants
would be arrested in their activation at this step.
The mechanism by which His8 affects the CXXC thiol
activation is unclear. However, the crystal structure of Friend
MLV RBD has been solved and it shows an L-shaped
molecule with a lopsided anti parallel β-sandwich scaffold and
a helical sub domain displaying receptor binding (Fass et al.,
1997). The His8 is not included in the structure but has by
modelling been located to the tip of the β-sandwich on the side
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Albritton, 1999). Recently a 2.7-nm resolution cryo-electron
reconstruction of the Mo-MLV Env was determined (Forster et
al., 2005). In this the TM subunits appeared to form three
separated legs that carried the SU subunits on the top.
Interestingly, the TM-legs appeared to bend at the top forming
a second external, downward oriented half. It was speculated
that with this topology the TM would locate its intersubunit
disulphide Cys to the top facing the corresponding SU Cys
residue. The best RBD fitting was found when the receptor
contacting helical subdomain was located into a solvent
exposed protrusion in the distal portion of Env and the β-
sheet domain with the His8 end directed toward the tip of the
putatively bent TM. With such an arrangement, it is possible
that the His8 can influence the locale of the intersubunit
disulphide coupled CXXC thiol and cause its activation after a
receptor-induced structural change in the RBD.
The findings that SU His8 substitutions with Tyr and also
with Phe and Trp result in significant and low virus fusion
activity, respectively, has been interpreted to mean that the
amino acid side chain ring structure and capacity to form a
hydrogen bond are important factors in determining the
activity of the position 8 amino acid in the SU subunit (Qian
and Albritton, 2004). This notion was further supported by the
finding that the fusion defect of the His8Arg substitution
mutant could be suppressed by two second-site mutations,
Gln227Arg and Asp243Tyr, in the PRR region immediately
following the RBD towards the C-terminus of SU (Zavor-
otinskaya and Albritton, 1999). Molecular modelling sug-
gested a mechanism by which the phenol ring of Tyr243
could substitute for that of the His8 imidazole in the
suppression mutant, thus supporting the role of the amino
acid side chain ring structure in position 8 of SU. It is
possible that the imidazole ring of His8, as a result of
receptor-induced changes in RBD, interacts with the hydro-
phobic residues of the CXXC motif (Cys-Trp-Leu-Cys) and
that this creates a change in the local redox conditions
favoring CWLC thiol ionization and subsequent activation for
intersubunit disulphide bond isomerization. This situation
would be analogous to the movement of a conserved Arg
residue (Arg120) into the locale of the CXXC motif of the
reduced form of the protein disulphide isomerase (PDI) when
the latter has to become reoxidized by oxidized glutathione
(Lappi et al., 2004). The change activates the thiol of the C-
terminal Cys in the CXXC motif to attack the PDI (CXXC)-
glutathione disulphide-intermediate and reform the oxidized
CXXC motif in PDI. In the case of the Mo-MLV Env, the
CXXC thiolate might be stabilized to a significant extent by a
hydrogen bond donated by the relocated His8. This model is
consistent with the activities observed for the Mo-MLV Env
His8 mutants (Qian and Albritton, 2004). Indeed, detailed
structural, molecular dynamics and electrostatic studies of
cellular thiol-disulphide oxidoreductases have shown that
CXXC thiolate stabilization is mostly the result of hydrogen
bonding rather than long-range electrostatic interactions
(Foloppe et al., 2001). The final mechanism by which His8
of Mo-MLV SU controls the SU–TM disulphide isomeriza-tion reaction will probably not be elucidated until the atomic
structures of Env in its native, intermediate and isomerized
forms have been established.
Material and methods
Cells and reagents
BHK-21 cells were grown as described (Opstelten et al.,
1998). XC and DF-1 (American type culture collection, Rock-
ville, MD) and MOV-3 cells (G. Schmidt, GSF-National
Research Center for Environment and Health, Neuherberg,
Germany) were maintained in Dulbecco's modified Eagle's
medium (4.5 g/l glucose for DF-1 and MOV-3 cells and 1 g/l
glucose for XC cells) (DMEM; GIBCOBRL) supplemented with
10% FCS, 20 mM HEPES and L-glutamine. We used the mouse
mAb 500 against MLV Env protein (B.W. Chesebro, Rocky
Mountain Laboratories, Hamilton, Montana, USA) and the goat
pAbs HE863 and HE699 against MLV proteins (Viromed
Biosafety Laboratories, Camden, NJ). 14C-methylated standard
proteins (Cat. No. CFA626 and CFA755) were from Amersham
Biosciences (Uppsala, Sweden).
DNA constructs
pSFV1-envMoΔHis8
A 2054-bp long XbaI–NsiI restriction endonuclease frag-
ment containing the His8 codon deletion was generated by PCR
using the upstream and downstream primers 5′ GGTTCTAGA-
GACGGACATTG 3′ and 5′ TGGTGGAGATGCATGGAGTA
3′ and the fusion primers 5′ AGGACTGGAGCCGGGCGAAG
3′ and 5′ CTTCGCCCGGCTCCAGTCCTCAAGTCTATAAT-
ATCACCTG 3′ and the plasmid pSFV1-envMo as template (Li
and Garoff, 1996). This was subcloned into the plasmid pSFV1-
envMo to generate pSFV1-envMoΔHis8.
pSFV1-envMoTyr8
A 1018-bp long BglII–Bpu10I restriction endonuclease
fragment containing the His8 codon CAT mutated into the Tyr
codon TATwas generated by fusion-PCR using the upstream and
downstream primers 5′ GGACATTGCATCATTCGACA 3′ and
5′ CCAGGCAGTGTTGCACCGAG 3′ and the fusion primers
5′ TCCAGTCCTTATCAAGTCTATAATATCACC 3′ and 5′
AGACTTGATAAGGACTGGAGCCGGGCGAAG 3′ and the
plasmid pSFV1-envMo as template. This was subcloned into the
plasmid pSFV1-envMo to generate pSFV1-envMoTyr8.
pSFV1-envMoArg8
A 1018-bp long BglII–Bpu10I restriction endonuclease
fragment containing the His8 codon CAT mutated into the Arg
codon CGT was generated by fusion-PCR using the upstream
and downstream primers 5′ GGACATTGCATCATTCGACA 3′
and 5′ CCAGGCAGTGTTGCACCGAG 3′ and the fusion
primers 5′ TCCAGTCCTCGTCAAGTCTATAATATCACC 3′
and 5′ AGACTTGACGAGGACTGGAGCCGGGCGAAG 3′
and the plasmid pSFV1-envMo as template. This was subcloned
into the plasmid pSFV1-envMo to generate pSFV1-envMoArg8.
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SFV RNA replicons encoding the Mo-MLV egfp vector
genome, the gagpol gene, the wt and the mutant env-genes
were transcribed from pSFV-retro-CMV-egfp, pSFV1-
gagpolMo (Suomalainen and Garoff, 1994), pSFV1-envMo
(Li and Garoff, 1996), pSFV1-envMoΔHis8, pSFV1-envMoTyr8
and pSFV1-envMoArg8 as described (Liljestrom and Garoff,
1991). pSFV-retro-CMV-egfp was made by replacing the
neo-gene transcription unit in pSFV1/LN3i (Li and Garoff,
1996) with the CMV-egfp cassette (Clontech, Mountain
View, CA, USA).
Preparation of virus and virus vectors
Mo-MLV-egfp-wtEnv, Mo-MLV-egfp-EnvΔHis8, Mo-MLV-
egfp-EnvTyr8 and Mo-MLV-egfp-EnvArg8 vectors were pre-
pared in BHK-21 cells by cotransfecting the cells with SFV
RNA replicons encoding the Mo-MLV egfp vector genome, the
gagpol gene and respective env-gene as described (Li and
Garoff, 1996). Mo-MLV was produced in MOV-3 cells as
described (Wallin et al., 2004).
Preparation of radioactively labeled virus and virus vectors
[35S]Cys labeled wt Mo-MLV and MLV vectors were
prepared in MOV-3 and transfected BHK-21 cells, respec-
tively, by overnight labeling with 50 μCi/ml [35S]Cys
(Amersham Pharmacia Biotech, Amersham, UK) as described
(Opstelten et al., 1998). Virus and vectors in culture super-
natant were freed from free SU subunits by sedimentation
centrifugation in a step-gradient, composed of 1 ml/50%
(w/w) and 2 ml/20% sucrose in TN/Ca2+ buffer (14 mM Tris,
12 mM HEPES, 150 mM NaCl, 1.8 mM CaCl2, pH 7.4) for 2 h
at 1×105 g (22 K rpm) and 4 °C in a Beckman SW 28 rotor.
Virus, virus vector and SU preparations were stored frozen at
−80 °C.
Lysis of virus and cells and immunoprecipitation of viral
proteins
Virus in solution was lysed by incubation in lysis buffer
(50 mM Tris–HCl, pH 7.5, 150 mM NaCl, 2 mM EDTA, 1%
NP-40) first for 15 min on ice and then for 30 min at 30 °C.
Cells (35 mm well) with bound and penetrating virus were
lysed by adding 500 μl lysis buffer and incubation for 15 min
on ice. The lysate was collected into a tube, the nuclei
sedimented by centrifugation and the supernatant further
incubated at 30 °C for 30 min. The lysis was done without
or with alkylator (20 mM N-ethyl maleimid, NEM, SIGMA-
Aldrich Chemie, Munich, Germany or 2 mM 4-(N-Maleimido)
benzyl-α-trimethylammoniumiodide, M135, Toronto Research
Chemicals Inc., North York, Canada) to allow or prevent
isomerization of the SU–TM disulphide bond. Viral proteins
were immunoprecipitated essentially as described (Opstelten et
al., 1998). The washed immune complexes were processed for
SDS–PAGE.SDS–PAGE and quantification of proteins in bands
Samples were adjusted to 31 g/l SDS, 0.19 M Tris–HCl
pH 8.8, 93 g/l sucrose, 14 mM EDTA, 0.6 mg/ml bromo-
phenol blue and 0.4 mg/ml methionine, heated for 5 min at
95 °C and cooled to room temperature. SDS–PAGE gels
(Laemmli, 1970), 8 cm long, with 12% total acrylamide of
which 2.6% was bis-acrylamide, were run in Mighty small II
minigel system (Hoefer Scientific, San Francisco, CA). The
amount of radioactivity in a protein band was measured using
phosphorimage screens (BAS-MS2025) from Fujifilm
(Science Imaging Scandinavia, Nacka, Sweden), a Molecular
Imager FX and the QuantityOne program from BioRad
Laboratories (Hercules, CA).
Assays
Ca2+-depletion-triggered isomerization
Radioactively labeled Mo-MLV or MLV vectors in culture
supernatant were taken up into TN, pH 6.6–8.6, with or without
1.8 mM Ca2+ using ultrafiltration (300 kDaMW cut-off filter) at
4 °C and then incubated at 37 °C for 0.5–5 h. The samples were
lysed in the presence of 20 mM NEM, which prevented lysis-
induced isomerization, and viral proteins captured by immuno-
precipitation for non-reducing SDS–PAGE. To estimate the
extent of SU–TM isomerization, the amount SU released from
the SU–TM complexes during incubation was measured. This
was expressed as percentage of total SU (i.e., the sum of free
and TM-bound SU).
Receptor-triggered isomerization
Gradient purified and [35S]Cys-labeled MLV vectors were
bound to receptor positive XC cells or receptor-negative DF-1
cells at 4 °C for 1 h and incubated in TN/Ca2+, pH 6.6–8.6, in
the presence of 8 μg/ml polybrene, for 15 min at 37 °C. The
cultures were lysed in the presence of NEM and viral proteins
immunoprecipitated for non-reducing SDS–PAGE. The extent
of SU–TM isomerization was measured as described above.
SU binding to cells
SU in supernatants, freed from MLV vectors through
gradient centrifugation, was bound to cells and processed as
described above.
Virus-mediated membrane fusion of cells from without
XC cells were seeded into six-well dishes at a density of
6×105 cells/well and incubated at 37 °C for 24 h. Gradient
purified MLV vectors in 1.5 ml DMEM without sodium
bicarbonate but with 10% FCS, 10 mM MES, 10 mM
HEPES and 20 μg/ml polybrene were added to the cell
cultures and these were incubated at 37 °C for 1 h under
continuous slow tilting. The pH of the DMEM had been
adjusted to 6.6–9.0. After this initial incubation, 3 ml of
corresponding medium was added and the incubation con-
tinued for additional 2 h. The cultures were then fixed with
methanol and stained with Giemsa to visualize polykaryons
formed by virus–cell fusion.
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MLV vectors in culture supernatants were bound to XC cells
on ice for 1 h, washed with TN/Ca2+, pH 6.6–9.0, and then
incubated in TN/Ca2+, pH 6.6–9, for 30 min at 37 °C in the
presence of 8 μg/ml polybrene. Non-penetrated virus was
inactivated by 1 min incubation at 20 °C in pH 3 buffer (40 mM
sodium citrate, pH 3.0, 10 mM KCl, 135 mM NaCl) and the
cultures further incubated in medium for 24 h. The cultures
were fixed in 3% paraformaldehyde and infected cells detected
by EGFP fluorescence.
Accumulation of an intermediate in the fusion activation
process of Env
Gradient purified and [35S]Cys-labeled MLV vectors were
incubated with receptor positive XC cells or receptor-negative
DF-1 cells at 37 °C for 1 h in TN/Ca2+, pH 7.8, in the
presence of 2 mM M135 and 8 μg/ml polybrene. The cultures
were washed five times with TN/Ca2+, pH 7.8, and lysed in
the absence of alkylator (to analyze the receptor-triggered
alkylatable Env fraction) or presence of 2 mM M135 (to
analyze the total, i.e., the receptor and lysis-triggered
alkylatable Env fraction). SU–TM complexes were immuno-
precipitated with mAb 500 and analyzed by non-reducing
SDS PAGE.
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